A new strategy for creating functional tri-layer nanofibers through triaxial electrospinning is demonstrated. Ethyl cellulose (EC) was used as the filament-forming matrix in the outer, middle, and inner working solutions, and was 
INTRODUCTION
The traditional practice of repeated oral administration of high doses of a drug at frequent time points is highly undesirable because of the risk of adverse side effects and also because of potential issues with patient compliance. As a result, controlled and sustained release drug delivery systems (DDSs) have attracted enormous amounts of research effort. [1] [2] [3] The primary method used to achieve sustained-release profiles involves the combination of active ingredients with polymeric excipients. 1, 4 In terms of the administration route, oral delivery is most widely explored because it facilitates high levels of patient compliance. However, a frequent concern associated with oral sustained-release DDS is their predisposition to an initial "burst" of drug release; this is particularly common and problematic in nanoscale DDS. 1 One nanoscale system which has attracted much attention comprises electrospun nanofibers, which are fabricated by using electrical energy to evaporate the solvent rapidly from a mixed solution containing an active ingredient and a filament-forming polymer. [5] [6] [7] The large surface area, high porosity, and commonly amorphous physical state of drugs loaded in such fibers make them very promising for the development of fast disintegrating DDS and effective delivery of poorly water-soluble drugs, whose formulation development remains one of the most intractable challenges in pharmaceutics. 6 The formation of a solid solution or suspension means that there is no lattice energy barrier to dissolution (cf. a typical crystalline active ingredient), thereby increasing both dissolution rate and solubility in favorable instances. Unfortunately, these characteristics endow the fibers with poor performance in terms of sustained-release, owing to their usually exhibiting an uncontrollable and undesirable initial burst of release. 7 To overcome this issue, coaxial electrospinning and modified coaxial electrospinning have been investigated to prepare core-sheath nanofibers with a blank (drug-free) sheath to eliminate this initial burst release. 5, 7, 9 Moving forward, a much sought-after class of DDS offers linear or zero-order release, because such systems can maintain the drug concentrations in a specified therapeutic window for a prolonged period of time after administration. 10 This results in high levels of patient compliance, and minimal side effects.
Over the past two decades, great advances in multiple-fluid electrospinning have been achieved; this technique can create polymeric nanofibers, generate nanofiber-based composites, and produce nanofiber-based hybrids embedded with functional micro-or nanoparticles, and even cells [11] [12] [13] [14] [15] ( Figure 1 ). Large-scale production of electrospun nanofibers from a single-fluid has been proved to be eminently possible, and industrial systems allowing this now exist. [16] [17] [18] However, the creation of complicated nanostructures from templates at the macro-scale in a "top-down" manner (i.e., using the structural characteristics of the spinneret to produce nanostructures with analogous features), has yet to be fully explored. 19 The creation of core-sheath nanostructures using a concentric spinneret has been widely reported, but there is a deficit of knowledge regarding other more complex structure types. [20] [21] [22] [23] There are very few investigations into side-by-side electrospinning to generate Janus nanofibers, [24] [25] [26] [27] [28] [29] and even fewer reports on multiple-layer nanofibers. [30] [31] [32] [33] [34] [35] The slow development of multiple-fluid electrospinning processes is related to their difficulty of implementation. The successful preparation of multi-component fibers requires the spinning fluids to have good compatibility, so that they can be drawn together by electrical forces without any coagulation. It is also necessary that the fluids have similar physicochemical properties, such that they experience similar electrical drawing forces. If one of the fluids dries faster than the others, undesirable phenomena such as the separation of fluids may occur. The more similar the working fluids are, the more successful multiple-fluid electrospinning tends to be. Electrospinning. The tri-layer concentric spinneret was homemade. Three syringe pumps (KDS100, Cole-Parmer, Vernon Hills, IL, USA) and a high-voltage power supply (ZGF 60kV/2 mA, Shanghai Sute Corp., Shanghai, China) were used for electrospinning. The collector comprised a flat piece of cardboard wrapped with aluminum foil. All electrospinning processes were carried out under ambient conditions (21 ± 5°C with a relative humidity of 49% ± 7%). The electrospinning process was recorded using a digital camera (PowerShot A490, Canon, Tokyo, Japan).
After optimization, the applied voltage and spinneret-to-collector distance were fixed at 12 kV and 15 cm, respectively.
To facilitate observation of the electrospinning processes, 1×10 -5 mg/mL of methylene blue was added to the inner fluid and 5×10 -6 mg/mL basic fuchsin to the middle fluid.
Morphology. The morphology of the fibers was investigated using a Quanta Drug content and in vitro dissolution tests. The total drug content was determined according to the following procedure: exactly 0.1 g of the fibers was placed into 10 mL ethanol to free the loaded KET. After complete dissolution, 1.0 mL of the ethanol solution was dropped into 100 mL of physiological saline (PS, 0.9 wt.%) under agitation. Aliquots of the aqueous solutions were filtered using a 0.22 µm membrane (Millipore, Billerica, MA, USA) before quantification using a UV-visible spectrophotometer (UV-2102PL, Unico Instrument Co. Ltd., Shanghai, China).
In vitro dissolution tests were carried out according to the Chinese Pharmacopoeia (2010 Edn.). Method II, which is a paddle method, was undertaken using a RCZ-8A dissolution apparatus (Tianjin University Radio Factory, Tianjin, China). 0.2 g of the sample was placed in 600 mL of PS (37 ± 1°C). The instrument was set to stir at 50 rpm, and sink conditions with C < 0.2C s were maintained. At predetermined time points, 5.0 mL aliquots were withdrawn from the dissolution medium and replaced with fresh medium to maintain a constant volume. After filtration through a 0.22 µm membrane and appropriate dilution with PS, samples were analyzed at λ max = 260 nm. The amount of KET released was back calculated from the data obtained against a predetermined calibration curve. Experiments were performed six times, and results are reported as mean ± S.D.
RESULTS AND DISCUSSION
A diagram illustrating the triaxial electrospinning process is shown in Figure 2 .
As for single-fluid electrospinning, the triaxial electrospinning system is composed of four components: three syringe pumps to drive the three working fluids, a high-voltage power supply, a grounded fiber collector, and a tri-layer concentric spinneret. The design of the spinneret is of critical importance in ensuring a robust and reproducible electrospinning process. The presence of a large number of distinct reflections in the X-ray diffraction (XRD) pattern of KET (Figure 6a ) confirms that the drug is a crystalline material. The diffraction pattern of EC exhibits a diffuse background pattern with two diffraction halos, which is to be expected since it is known to be amorphous. In the XRD pattern of the tri-layer nanofibers no characteristic KET reflections are visible, which demonstrates that KET is no longer present as a crystalline material in the fibers and has been converted into an amorphous state within the polymer matrix in all three layers. The differential scanning calorimetry (DSC) thermograms in Figure 6b concur with the XRD results. KET displays a distinct melting endothermic peak at 95.9°C
(ΔH f = -115.1 J/g); in contrast, no melting events can be seen in the traces of EC and the tri-layer nanofibers.
KET molecules possess carbonyl groups (potential proton receptors), whereas EC molecules have free hydroxyl groups (potential proton donors for hydrogen bonding; Figure 6c ). Thus, hydrogen bonding may occur in the fibers, and is confirmed by their IR spectrum. Here, the characteristic peaks of pure KET at 1697
and 1658 cm -1 (attributed to the vibrations of carbonyl groups) cannot be observed.
Other secondary interactions, such as hydrophobic interactions between the benzene rings and the carbon chains of EC, may also play a role in the formation of EC-KET nanocomposites.
KET has λ max = 260 nm, and thus a calibration curve was constructed at this phenomena that inevitably arise with monolithic drug-loaded nanofibers (and also many traditional sustained-release DDS). 42, 43 No burst release was observed from the tri-axial nanofibers, and the drug was released at a constant rate for nearly one day. The surface area of the middle layer of the fibers is smaller than that of the outermost layer, and the inner layer has a still smaller surface area (Si<Sm<So; see Figure 7e ). In addition, the distances through which the drug molecules must diffuse to reach the dissolution medium gradually increase going from the exterior to the interior of the fibers (Ri>Rm>Ro; Figure 7e ). These factors would normally result in an initial burst release because of the large surface area at the outermost layer and the short distance through which escaping drug molecules must diffuse. However, by gradually increasing the drug concentrations in the middle and inner layers, the effects of surface area and diffusion distance on the sustained-release profile of the nanofibers can be counteracted, resulting in the desired linear release profile.
CONCLUSIONS AND PERSPECTIVES
The facile preparation of tri-layer nanofibers using a triaxial electrospinning process was successfully demonstrated in this work. Triaxial electrospinning could be continuously and smoothly performed using inner, middle, and outer working fluids A wide variety of functional inorganic nanofibers (containing for instance metallic oxides and metals), nanotubes, and carbon nanofibers with varied components and compositions could be generated by loading different materials in the layers of the fibers.
(3) New triaxial electrospinning processes. New types of triaxial electrospinning processes can be further developed through careful consideration of the compatibility between working solutions. For instance, our method could be used to develop gas-assisted melt triaxial electrospinning, wherein an auxiliary gas flows through the outer capillary, similar to gas-assisted melt co-axial electrospinning. 46 Solvents, solutions of small molecules, or unspinnable diluted polymer solutions can be used as outer fluids to yield a series of modified triaxial electrospun products, similar to those which have been generated using modified coaxial electrospinning. 
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